Introduction
Intravital microscopy (IVM) is a well-established technique by which tissues can be imaged at (sub)cellular resolution in living animals. 1 By visualizing various cell types, non-cellular structural factors (extracellular matrix), fluorescently-tagged proteins or fluorescent biosensors over time, many dynamic (patho)physiological processes can be investigated. [2] [3] [4] [5] For example, intravital imaging of fluorescent glioma brain tumors uncovers that individual cells migrate along blood vessels (Fig. 1A) . To gain imaging access to tissues deep inside animals such as orthotopic cancers of the breast, brain and liver, imaging sites can be surgically exposed. [6] [7] [8] However, this technique is not conductive to repetitive imaging, and even when animal vitals are tightly measured and controlled surgical IVM can only be performed up to 40 h. 6 To extend imaging over days or months, several imaging windows have been developed (Fig. 2) . By utilizing imaging windows, animals can recover from anesthesia in between the imaging sessions and tissues can be visualized up to a year, so that processes such as tumor growth become visible at cellular resolution (Fig. 1B) . [9] [10] [11] [12] In this technical resource, we will review various imaging windows used for cancer research, and provide technical details, considerations, and trouble-shooting tips.
Introduction of Imaging Windows
Already in the early 19th century, the first reports on cranial imaging windows (CIW) appeared. In 1811 a physician in Italy inserted a wooden cylinder topped with a watch glass in the skull of a dog to study brain motions caused by intrathoracic pressure. 13 Since then, several others contributed significantly to the establishment of the CIW, such as Donders, who eliminated the air in between the window and brain by administering fluid as the window was pressed into place. 14 In 1928, Forbes published a CIW method in which he describes the complete immobilization of the skull and the insertion of an air-tight window with relatively normal intracranial pressure to gain imaging access to brain tissue to visualize pia mater blood vessels. 15 Since that time this imaging window has been widely used to study neocortical plasticity and structure, 16, 17 cerebral circulation, 18 and pathological processes that take place in the brain such as ischemic stroke, 19 injury, 20 degenerative disease, 21 and cancer. 22 To visualize skin tissue, Algire developed the dorsal skinfold chamber (DSC) by adapting earlier "transparent-chamber techniques" from the rabbit ear and skin to mice. 23, 24 The chamber has proven popular for studying various processes including microcirculation, 25 tumor growth, 26 angiogenesis, 27 and ischemic reperfusion. 28 More recently, the mammary imaging window intravital microscopy is increasingly used to visualize and quantitate dynamic biological processes at the (sub)cellular level in live animals. By visualizing tissues through imaging windows, individual cells (e.g., cancer, host, or stem cells) can be tracked and studied over a time-span of days to months. several imaging windows have been developed to access tissues including the brain, superficial fascia, mammary glands, liver, kidney, pancreas, and small intestine among others. here, we review the development of imaging windows and compare the most commonly used long-term imaging windows for cancer biology: the cranial imaging window, the dorsal skin fold chamber, the mammary imaging window, and the abdominal imaging window. Moreover, we provide technical details, considerations, and trouble-shooting tips on the surgical procedures and microscopy setups for each imaging window and explain different strategies to assure imaging of the same area over multiple imaging sessions. this review aims to be a useful resource for establishing the long-term intravital imaging procedure.
(MIW) was developed to visualize breast tissues and tumors. 29, 30 Importantly, the MIW was the first imaging window that allowed for the study of genetically driven tumors that recapitulate the progression of human mammary carcinomas 11 in addition to more conventional xenograft tumor models. 29 To visualize abdominal organs like the small intestine, kidney, spleen, pancreas and liver, the abdominal imaging window (AIW) was developed. 31, 32 In recent studies we have used the AIW to study intestinal stem cell homeostasis, 12 as well as how colorectal cancer cells colonize the liver and form metastases. 32 In addition to the MIW and AIW, two groups developed a spinal cord imaging window to study cellular dynamics and regeneration after spinal cord injury. 33, 34 Moreover, to study immune cell motility and response to infection, imaging chambers for lungs have been developed. 35, 36 However, in contrast to all other imaging windows, the lung imaging windows do not allow for repeated imaging and are not suited for long-term (>1 d) studies. 35, 36 In this manuscript, we will focus on the imaging windows that are frequently used for long-term cancer studies: the CIW, DSC, MIW, and AIW (Fig. 2) .
General Considerations for Surgical Implantation of Imaging Windows
When surgically implanting imaging windows, several general surgical aspects must be taken into account including maintenance and control of vital parameters, analgesia, anesthesia, and post-operative care. Inaccurate use of each of these techniques may result in death, severe pain, or failure of the surgical procedure, and are therefore of critical importance. Below, we will discuss each surgical aspect in detail.
Pre and peri-operative care In humans it is common for patients to fast before undergoing surgery to prevent food or liquid from being vomited and aspirated into the lungs. Rodents are incapable of vomiting, thus eliminating the need to fast them. 37 We recommend shaving and depilating the mouse prior to surgery, and applying a betadine scrub. This decreases the chance of infections caused by bacterial flora on skin and hair remnants. Moreover, it is recommended to work in an aseptic environment to avoid infections, which can cause failure of CIW experiments. 16, 38 Furthermore, surgical tools and imaging windows must be sterilized (for example, by an autoclave/hot bead sterilizer) or disinfected (immersion into 70% ethanol). 31, 39 To reduce the chance of inflammation and cell attachment (including immune cells), the coverslip can be coated with PEG (polyethylene glycol).
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Vital parameters
Hypo and hyperthermia can cause death during surgery. 40 At room temperature, a mouse can lose 1 degree of body temperature every 5 min, so regulation and monitoring of temperature during surgery is essential. Ideally, body temperature should be maintained near 37 °C, which can be accomplished by the use of a heat pad or lamp. 6, 41 A heat pad with adjustable temperature is advisable (Tables 1 and 2 ). In case of a non-adjustable heat pad, filter papers or tissues placed between the heat pad and the animal may help to control the body temperature of the mouse. To monitor body temperature during surgery, the use of a rectal probe is recommended. Besides body temperature, other vital parameters can be monitored using non-invasive monitors like the MouseOx Plus (Tables 1 and 2 ). This equipment is specifically designed to probe vital signs in small rodents and provides measurements of the arterial oxygen saturation, heart and respiratory rate, temperature, and pulse and breathing distention.
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Anesthetics and analgesics
Anesthetics are used to sedate animals and analgesics are used to relieve animals from pain. Anesthetics can either be inhaled or injected, whereas analgesics are usually injected. The choice of an anesthetic and analgesic method is determined by several parameters: the type of surgery to be performed, the depth of anesthesia, and the extent and ease of the procedure. Furthermore, depending on the type of experiment to be performed, certain anesthetic or analgesics might cause unfavorable side effects. For example, isoflurane has been shown to induce cerebral vasodilation whereas ketamine causes vasoconstriction and increases cerebral blood flow. [43] [44] [45] These effects should be evaluated if important for the experimental setup. (A) A 3d reconstruction of a murine orthotopic glioma (Gl261-h2B dendra2). the time-series show single cells migrating along the vessels. Nuclear localization of the photoprotein allows accurate single cell tracking. Green: tumor cell nuclei; red: dextran-labeled vasculature. scale bar, 12 µm. (B) 4t1 tumor cell growth was visualized at day 1, 3 and 7 following tumor implantation through the dorsal skinfold chamber. A hiF-1 reporter (hre-GFP) was expressed in tumor cells (cMV-rFP) and both were visualized using fluorescence microscopy. the vasculature is shown in red and was visualized using white light. scale bar, 300 µm. reprinted from reference 102 with permission from elsevier.
Isoflurane is a widely used inhalation anesthetic for rodent surgery and the first choice over injectable anesthetics 31 due to a fast induction and recovery, good control over anesthesia depth and length, and minimal impact on hemodynamics. 37, 46, 47 Isoflurane requires oxygen as a carrier and the dose used for maintenance varies from 0.5 to 3% (vol/vol) in O 2 .
8, [48] [49] [50] Note that the actual dose varies depending on the equipment and animal strain, sex, age, and condition. The depth of anesthesia is adequate when the palpebral reflexes are absent and the animal is unresponsive to external stimuli such as a toe pinch. A constant heart and respiratory rate is important, and gasping (agonal) respiration should be prevented. 37, 51 At rest, mice have an average respiratory rate of 180 breaths per minute. During anesthesia, a reduction of over 50% in respiratory rate is expected, and a breath rate between 50 and 100 breaths per minute is acceptable for mice. 52 Isoflurane has been successfully used to surgically implant the MIW, AIW, and DSC. 11,31 This anesthetic has also been used for CIW surgery, 53 however, it has been reported that it can intensify dura mater bleeding during the operation ( Table 2) . 16 Additionally, the use of an inhalation mask restricts the handling of the animal and makes head fixation on the stereotactic frame more challenging.
Ketamine/Xylazine combinations are widely used as injectable anesthetics for surgical procedures at concentrations varying from 80 to 100 mg/kg for Ketamine and 5 to 10 mg/kg for Xylazine. The recommended dose for imaging window surgery of Ketamine (100 mg/kg) and Xylazine (10 mg/kg) induces a surgical plane for about half an hour. 16 Cardiovascular depression and ketamine irritancy due to low pH are the main disadvantages of this combination. 54 For surgeries that require a long time (>1.5hr) such as CIW, the combination of Hypnorm Midazolam (benzodiazepine sedative) (2 mg/kg) ( Table 1 ) at a dose of 1:1:2 in sterile water is advised. This anesthetic supplies deep sedation for up to 4 h, which can be reverted by the injection of 100 μg/kg of buprenorphine ( Table 1) .
For each anesthetic alternative, an adequate analgesic drug should be supplied. Subcutaneous or intramuscular administration of an opioid analgesic such as buprenorphine (100 μg/kg) prior to the operation is recommended for mice under inhalation anesthesia. Ketamine/Xylazine and Hypnorm/ Midazolam cocktails already contain an analgesic component that exerts its effect during the surgery. Post-operative administration of buprenorphine will provide additional pain relief for up to 12 h. As mentioned above, buprenorphine is an antagonist of Hypnorm and speeds its reversion, thus it should not be used as a preoperative analgesic in combination with Hypnorm/ Dormicum. The use of a topical or subcutaneous local analgesic such as Xylocaine (1%) at the incision site will provide additional pain relief.
Post-operative care
Following surgery, it is necessary to monitor the animal for pain and discomfort ( Table 3) . If needed, an additional dose of buprenorphine can be supplied. Other anti-inflammatory drugs such as Carprofen (5 mg/Kg) or Dexamethasone (0.2 mg/Kg) are often supplied to prevent inflammation and brain swelling when performing a CIW. 16, 38, 55 However, it is important to realize that suppression of the immune system, for example by reduced immune cell infiltration, 56, 57 can affect important study parameters. For instance, immune cell infiltration has been shown to be involved in neoplastic progression and migration. 58, 59 Additionally, analgesic drugs can affect the neoplastic microenvironment, particularly macrophages infiltration and angiogenesis. 60, 61 In the case of the DSC it is key to provide the mice with antibiotics (sulfamethoxazole and Trimethoprim [95 mg/kg Sulfatrim] or similar) in their drinking water because it reduces possible bacterial-induced inflammatory responses. [62] [63] [64] [65] To prevent complications in long-term studies, antibiotics can also be administered for the CIW. After the surgery, it is important to house the mice solitarily to avoid window damage or detachment. A warm, dry and quiet environment is recommended to reduce hypoxemia and shivering. Also, in case of severely anesthetized animals, an oxygen-enriched atmosphere and intraperitoneal or subcutaneous fluid therapy may support a faster recovery. Administration of a maximum of 0.6 mL of 0.9% saline solution in the subcutaneous space of a mouse every half a day can prevent dehydration. 37 The animal should be monitored for discomfort by visual examination of behavior, appearance and weight at least twice per week ( Table 3) .
Considerations for each imaging window
The four window implantations discussed in this article consist of a coverslip inserted in a metal frame that protects and gives optical access to the tissue of interest (Fig. 2) . Titanium has been the metal of choice for the frame due to its biocompatibility. 66 High-grade stainless steel is less bio-compatible 66 but is a less expensive alternative for titanium when the frame of the imaging window is not adhered directly to any tissue. The anatomical position of every imaging window requires a different method of fixation to the mouse. In contrast to other optical windows, the chronic CIW uses skull bone as a rigid support to fix the position of the coverslip ( Fig. 2A) . This solid support allows the acquisition of high quality images of the brain for up to a year. 67 This is in contrast to other tissues where there is no bone available for chamber fixation and chambers are therefore fixed to soft tissues such as the skin. These frames result in a higher failure probability due to detachment from their anchor points. Consequently, the time that DSC, MIW and AIW can be used for imaging is often limited to a few weeks. Below we explain the particulars of each window, include a surgical guide and provide a table that lists the equipment and equipment vendors ( Table 1) .
CIW Two different CIWs are available: the chronic CIW and the thinned skull window. For the chronic CIW, the brain is exposed through a craniotomy and covered with a coverslip that is glued onto the skull. By contrast, for the thinned skull window, a microdrilled-thinned skull provides optical access to the brain surface without the requirement of implanting a cover glass, thus avoiding intracranial microenvironment alteration. 17 However, imaging through the thinned skull window is usually limited to a certain number of sessions due to bone regrowth and the necessity of thinning the skull before each session. Despite mitigation of this issue by the reinforced thinned skull approach, light absorption by bone tissue nevertheless compromises imaging resolution and depth. 68 When selecting a CIW approach, it is important to realize that each type of window affects the brain's plasticity and microenvironment differently, potentially altering experimental outcomes. 69 Xu and colleagues compared the thinned skull and chronic CIW and showed that the latter induces an increase in dendritic spine turnover, microglia and astrocyte activation up to 1 month after imaging window surgery. 70 Keeping this in mind, the chronic CIW described in this article is a powerful tool for long-term studies 71, 72 and when access to the brain is required.
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The window size varies from 5 to 7 mm in diameter and can be placed on the frontal or occipital lobe depending of the region of interest. To start the procedure, sedate the mouse by i.p. injection of Hypnorm (Fluanison [neuroleptic] + Fentanyl [opioid]) (0.4 ml/kg) + Midazolam (benzodiazepine sedative) (2 mg/kg) at a dose of 1:1:2 in sterile water ( Table 1) . After ensuring by toe pinches that the animal is fully unconscious, mount it in a stereotactic frame and secure the head using a nose clamp and two ear bars (Fig. 3A) . Use a heating lamp to maintain the animal temperature during the procedure. Apply eye ointment in order to prevent the animal's eyes from drying out ( Table 1) . Shave the top part of the head and apply a drop of Xylocaine (Lidocaine 1% + Epinerphine 1:100,000) solution to further prevent pain. Perform a longitudinal incision of the skin between the occiput and forehead and cut the skin in a circular manner on top of the skull (Fig. 3B) . Scrape the periosteum underneath and apply a drop of Xylocaine to further prevent pain. Using a high-speed drill ( Table 1) , slowly and carefully perform a 5-mm circle groove over the region of interest ( Fig. 3C and D) . To avoid brain overheating apply cold sterile cortex buffer (125 mM NaCl, 5 mM KCl, 10 mM glucose, 10 mM HEPES buffer, 2 mM MgSO4, and 2 mM CaCl2, pH 7.4) during the drilling process (Fig. 3E) . When the bone flap becomes loose, gently lift it under a drop of cortex buffer (Fig. 3F) . The buffer is important to avoid brain dehydration and bleeding of the dura mater. The exposed cortical surface must continuously be kept moist with cortex buffer. To improve imaging resolution the dura mater can be removed with thin forceps ( Table 1 ). This step is necessary when superficial injection is performed since the dura is a very elastic membrane. The use of a surgical stereo microscope ( Table 1) is recommended during drilling and dura mater removal (Fig. 3D-F) . Accuracy is critical to avoid bleeding and brain damage ( Table 2) . At this point any tissue manipulations such as cell or dye injections required for the experimental setup can be performed. To conclude the procedure, seal the exposed brain with silicone oil, glue a 6-mm coverslip (Tables 1 and 4 ) on top and apply dental acrylic cement ( Table 1) on the skull surface, covering the edge of the coverslip (Fig. 3G) . In order to attach the mouse to the microscope during imaging a fixation system should be secured on the top of the head. The fixation can be achieved by the insertion in the dental cement of a bar or a ring (around the window) that will be attached to the microscope by means of screws or magnets (Fig. 3H) . A light metal such as titanium or steel should be used for animal comfort. After surgery the animal should be placed on a heating pad (37 °C) until it recovers from the anesthesia ( Table 1) . A single dose of 100 μg/kg of buprenorphine ( Table 1) should be administered to prevent pain and speed the recovery (Fig. 3I) . DSC The DSC is one of the most widely used imaging windows in cancer biology. The window consists of two large metal frames that fix the dorsal skin tightly together ( Fig. 2B; Table 1 ). 73 The frames are attached to one another using screws and sutures, 74 ensuring a stable fixation of the tissue within the chamber. The relative small depth within the chamber allows easy access to microvasculature and implanted tumors, which facilitates imaging at great detail. Note that in this display tumor growth and interaction with the stroma varies upon injection method. Cell implantation between the dermis and the coverslip will cause quasi two-dimensional growth. To recapitulate the interaction of the tumor with the surrounding tissue cells should be injected directly in the deep dermis. 26, 75 Because the DSC is located on the exterior of the animal body, movement due to respiration is restrained as compared with other chambers and can be nearly eliminated via mechanically securing the chamber during imaging. However, the location of the chamber outside of the animal's body has the disadvantage that normal body temperature within the window is not maintained when the mouse is kept at optimal housing temperature (varying from 20 to 26 °C for individual and group housing). 74, 76 The reduced temperature in the DSC, along with other factors, is one reason that some slow growing tumor models do not form tumors within the DSC. 77 To enhance xenograft tumor formation, several improvements to the DSC have been proposed. By letting BxPC-3 cells form a tumor before DSC implantation it was shown that tumors were formed in DSCs, where these cells were previously unsuccessful. 77 Other methods to increase tumor growth in the DSC are the use of matrigel during tumor cell injection, implantation of tumor pieces instead of (dissociated) tumor cells, co-implantation of tumor cells and healthy orthotopic tissue, and housing animals in warm temperatures (33-34 °C). 41, 74, 78 To implant the window chamber begin by sedating the animal using isoflurane (0.5-3% in O 2 ) or other anesthetics outlined above ( Table 1) . Sufficient analgesic (buprenorphine, ip [100 μg/ kg]) ( Table 1) should be provided at least half an hour before the start of the surgery, immediately following the procedure, and twice per day thereafter for 3 d. After sedation, shave (Table 1) , depilate, and disinfect with Antiseptic Surgical Scrub or similar ( Table 1 ) the dorsal area from the neck to hip. Apply eye ointment to prevent dehydration of the eyes (Table 1) . Finally, before any surgical procedure is started, a toe-pinch or similar procedure to assess the state of the animal's sedation should be conducted.
To start the chamber implantation, position the anesthetized and shaven animal on a heating pad (37 °C) with a surgical light available ( Table 1) . To begin to fit the chamber, first stretch the dorsal skin in front of the surgical light and view the vasculature. (H) dental cement is applied to cover exposed skull and a stainless steel ring is glued parallel to the coverslip. (I) the mouse is injected with 100 μg/kg of buprenorphine and allowed to recover on a heating pad.
By aligning the symmetrical vasculature in the light the animals longitudinal axis can be determined, which should be marked to allow for the chamber to be placed with an evenly distributed weight. Additional markings should be created along the transverse axis next to the peak of the animal back. These two lines will serve as guides for the correct placement of the window chamber. In order to implant the window chamber, it is next necessary to fan out the animal skin and secure the dorsal skin fold. This has been done in several ways in the past. One popular method is to suture a C-holder with 4-6 stitches, surgically stretching the skin ( Table 1) . 74 Another method utilizes clamps to pull and hold the skin in place.
The next step is to align the chamber. Typically, dorsal skin fold window chambers are made up of a front piece and a back piece, where the front piece is a thin metal section containing an area for the coverslip, and the back piece contains threads for screws ( Table 1) . To align the chamber, place the front piece on the skin fan so that the top of the chamber isn't too close to the top edge of the skin fold (to prevent skin tear and loss of the chamber) and the bottom isn't so close to the mouse body that Mouse is hypo/hyperthermic and/or dehydrated to avoid dehydration inject the animal with saline prior or during the imaging session. Maintain the temperature of the mouse at 36c using a heated blanket or a heated climate chamber that surrounds the microscope.
Mouse/organ moves during the imaging sedation is inadequate. the mouse is not fully unconscious or is breathing irregularly.
NA establish appropriate sedation for your experiment.
Firmly fix the iW to the box with tape to avoid peristaltic movement or breathing artifacts.
Make use of a resonant scanner to increase the speed of image acquisition.
Use advanced motion compensation methods to reduce movements. placing screws will penetrate the animal back muscle. When the chamber is properly aligned, use a 16 gauge needle (Table 1) or a hole punch to place holes cleanly through the animal's skin, ensuring that a hole is created by precisely puncturing the skin rather than tearing through it, the latter of which may decrease chamber life. Following this, the back piece of the chamber can then be attached and screwed or affixed into place depending on the specific chamber design in use. At this point place sutures (Table 1 ) on the upper edge of the window chamber to secure it in place. Careful attention should be paid to the tightness of the chamber attachment: if the chamber is too loose, infection or chamber failure could occur; too tight and blood circulation could be cut off, leading to tissue necrosis. After these sutures have been placed, the C-holder or other skin fold retaining method can be removed. After chamber attachment, skin removal can be completed by using forceps ( Table 1 ) to pull the skin away from the fascial tissue and cutting ( Table 1 ) the circumference around the inner rim of the affixed window chamber. If necessary, tumor cell implantation can then be completed at this point by injecting 20-60 µl of cell suspension between the dermis and the fascia. The procedure is finished by placing a coverslip ( Table 1 ) and securing it with a retaining ring.
Mice should be monitored both during recovery from anesthesia and post-surgically to ensure both animal health and tumor growth. Following the procedure, sulfamethoxazole and trimethoprim (95 mg/kg Sulfatrim) or similar antibiotics should be kept in the animal water supply to prevent infection ( Table 2 ). Note that some antibiotics given alone or in combination with other drugs have been shown to affect tumor proliferation, angiogenesis, and metastasis and thus can affect the outcome of the experiment. 79, 80 Generally tumors will be apparent within 5-15 days, depending on the cell line and mouse model. Prior to follow on imaging sessions retaining rings and coverslips can typically be removed and replaced with clean coverslips, allowing for optimal experimental imaging conditions.
Metal MIW
The anatomy and location of most inner organs does not allow for the relatively convenient skin squeezing and chamber attachment of the DSC, and therefore requires an alternative method of window fixation. For the MIW, the frame is sandwiched between the mammary gland and the skin and its position is fixed by glue and sutures perpendicular to the window. 81 To prevent detachment of the MIW, glue is applied to cover the sutures. 29 Others have used an adhesive bandage which covers the window for two days, or an Elizabethan collar adapted to protect the sutures. 30 The first reports of the MIW used non-reusable frames made from acryl or plastic (both bio-inert materials) with small holes for the sutures. However, recent studies used a metal MIW that is based on the AIW design that does not require such measures, and which displays a reduced risk of infection or window detachment as compared with the plastic MIWs. 11, 32, 82 The metal MIW consists of a titanium ring with a groove (0.9 mm for the MIW) ( Fig. 2C; Table 1) . A purse-string suture tightens the skin within the groove (Figs. 2C and 4) . In contrast to the sutures in the plastic MIW, purse-string stitches are located within the groove of the ring and do not need additional protection from biting (Fig. 4) . 32 The 4th mammary fat pad is the optimal location for inserting the mammary imaging window, since this location does not suffer from respiratory or motion artifacts. Before placing the window, anesthetize >8 wk old mice using isoflurane 0.5-3% in O 2 ( Table 1) . Ensure full sedation by a toe pinch, and place the animal on a heating pad ( Table 1) . Shave and depilate the area around the 4th mammary fat pad and disinfect using an alcohol swab. Apply eye ointment ( Table 1) to prevent dehydration of the eyes. Fix the animal on its back with its legs and feet to the heating pad using tape, and make sure not to dislocate the joints. In case of insertion of the plastic MIW, use scissors ( Table 1) to make a longitudinal incision of 10 mm and dissociate the subcutis from the cutis. Place the plastic ring in between the mammary gland and the skin, and suture ( Table 1 ) the skin edge to the window using the holes. Close the wound by fusing the window to the skin edge using cyanoacrylate glue (Table 1) , or use Neosporin ointment on the wound to prevent infection. If immediate imaging is not required, cover the wound with an adhesive bandage for up to two days. In case of implantation of the metal MIW, make a 12 mm anterior-posterior incision in the skin above the 4th mammary gland. Place a purse-string suture along the entire length of the incision, staying approximately 4 mm from the edge (Fig. 4; Table 1) . 31 Insert the window on top of the mammary gland and place the skin in the window groove. Securely fix the window by tightening the suture and skin in the window groove, and make sure to "hide" the stitch underneath the upper ring ( Table 2) . After surgery the animals are placed on a heating pad (37 °C) (Table 1) until they recover from anesthesia. AIW Similar to the titanium MIW, the AIW is a ring with a groove on the side (1.3 mm for the AIW) ( Table 1) . A purse-string suture tightens the skin and abdominal wall within the groove (Figs. 2C  and 4) , leaving no direct opening to the abdomen, decreasing the danger of infection (Fig. 4) . 31, 32 However, since the organs move in the abdomen, for the AIW additional measures need to be taken (see below for details).
The AIW should preferably be inserted on the lateral side of the animal to prevent fluid accumulation of the abdomen behind the window. When the anatomical location of the organ of interest (e.g., liver) does not allow for insertion at the lateral side, it is important to completely cover the window by the organ so that the coverslip is sealed off from the abdomen. To implant the AIW, sedate the animal using isoflurane as described above. Provide sufficient analgesics (buprenorphine, 100 μg/kg i.p.) ( Table 1) at least half an hour before the start of the surgery. Apply eye ointment to prevent dehydration of the eyes ( Table 1) . Shave ( Table 1) and depilate the entire abdomen, and disinfect using an alcohol swab. Fix the animal on its back with its legs and feet to the heating pad using tape, and make sure not to dislocate the joints. As described above, the abdominal imaging window is similar to the metal MIW and consists of a titanium ring with a groove in the middle (Table 1) . Thus, follow the procedure described for the metal MIW up until the placement of the window. In this case, both the abdominal wall and the skin are placed in the groove, keeping the window secure (Fig. 4) . To prevent organ movement and accumulation of fluids in between the window and organ, most organs are fixed to the window using tissue-fixatives such as cyanoacrylate glue ( Table 1) or Vetbond tissue adhesive. Also, depending on the type of organ placed behind the AIW, additional surgical steps can be taken to minimize organ movement ( Table 2 ) (for a detailed protocol, see ref. 31). After surgery the animals are placed on a heating pad (Table 1) until they recover from anesthesia. It can take up to 10 min for mice to fully recover. Post-operative monitoring and treatment of pain and possible infection is crucial for these animals.
Troubleshooting advice on IW surgeries is provided in Table 2 .
Intravital Imaging through Imaging Windows
Fixation of the window during imaging Several anesthetics can be used to sedate the animal for the imaging experiment. As discussed above, isoflurane is the preferred method since the duration and depth of the sedation can be precisely controlled ( Table 4) . When sedated by isoflurane (0.5-3% in O 2 ) ( Table 1 ) and mounted on a microscope, mice can be imaged up to 40 h. 42 An upright microscope is often used for CIW imaging because it allows the animal to remain in its normal (upright) position ( Table 4) . For historical reasons, an upright microscope is also generally used to image the DSC, however inverted microscopes can also be used. In contrast, for the MIW and AIW, an inverted microscope is advisable because it reduces tissue movements caused by respiration. 83 To prevent imaging distortions due to tissue movement caused by respiration, the mouse and the imaging window should be fixed onto the microscope. Depending on the type of microscope (upright or inverted), different strategies are used to fix the imaging windows. Figure 5A shows an example of a custom-made imaging box that can be fixed on the stage of an inverted microscope. The mouse's head is introduced into a facemask that supplies isoflurane for sedation. An outlet ventilates the box, maintaining stable levels of anesthetics. In the lower part of the box an exchangeable metal plate is placed in which the imaging window is fixed. Different metal plates are used for each type of window. A hole in the metal plate allows precise insertion of the MIW, AIW and CIW ( Fig. 5B and C) . Small magnets glued to the plate around an opening for imaging are used to fix the steel ring around the CIW (Fig. 5C) . In case of an upright microscope, a stereotactic frame can be used to fix the CIW on the microscope. The DSC can be stably fixed to the stage by a special imaging mount (Fig. 5D) . It should consist of a large central hole that permits imaging and three small holes that allow the bolts on the window to pass through. This imaging mount can be used on an upright or inverted microscope.
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Vital parameters control A heat pad or thermal blankets underneath or above the animal can be used to maintain a body temperature of approximately 37 °C (Table 4) . 6, 41 It is important to realize that when a non-heated water objective is used, the imaged tissue will most Figure 6 . retracing of the exact same field of view over multiple days. (A) A microscope with a motorized stage allows storage of regions of interest that can be imported at request. reprinted from reference 12 by permission from Macmillan Publishers ltd: Nature. (B) the numbered grids on a gridded cover glass can be visualized using reflection microscopy. the numbers can be used to retrace the same position over multiple days. reprinted from reference 31 by permission from Macmillan Publishers ltd: Nature. (C) the vasculature can be used as reference point to retrace a field of view. the microvasculature (green) is imaged through a cranial imaging window. intravascular proliferation of injected Pc14-Pe6 lung carcinoma cells (red) can be seen from day 3 onwards. images reprinted from reference 22 by permission from Macmillan Publishers ltd: Nature Medicine. (D) in the liver the type i collagen network (purple) visualized by second harmonic generation imaging was used to retrace the same position of multiple days. to show retracing, the images of day 1 and day 2 were given a false color (red or green respectively) and were merged. Yellow indicates colocalization. to quantify the amount of colocalization, the pixel intensity values of day 1 and day 2 in the merged image were displayed in a scatter plot. the Pearson correlation coefficient (r) was calculated and the non-colocalizing pixels were displayed in falce colors (red and blue) on top of the day 1 image displayed in gray. likely be cooled down by the much colder objective. For these experiments, we recommend use of a climate chamber that surrounds the whole microscope including the objective and microscope stage (Fig. 5E) . Since the body temperature may change during the imaging session, it is recommended to measure the mouse temperature during the experiment by a rectal probe in order to adjust the heating. Additionally, the breath rate should be checked at least every half hour by visual inspection, but ideally continuously, and the isoflurane supply should be adjusted if irregular or abnormal breathing is observed. Accurate and continuous assessment of vital parameters can be assessed by noninvasive pulse oximetry (MouseOx system) (Tables 1 and 4) . To avoid mouse dehydration during imaging, a maximum of 500 μl saline can be injected subcutaneously for short-term experiments (2-3 h) prior to imaging. For long-term experiments (>3 h), it is advisable to provide saline periodically by a subcutaneous infusion system (50-100 μl / hour). 6, 12 Repeat imaging To image individual cells, groups of cells, or changes in tissue structure over multiple imaging sessions, several strategies have been developed to retrace imaging areas during successive microscope sessions. When the position of the imaging window relative to the microscope is fixed for successive imaging sessions, a motorized stage can be used to store and relocate the coordinates of imaging areas (Fig. 6A) . Alternatively a numbered gridded coverslip on the imaging window can be used to provide the exact location of a previously imaged area (Fig. 6B) . 32 Inherent landmarks such as the vascular networks and extracellular matrix structures can also be used to retrace the same region ( Fig. 6C  and D) . 22 Vasculature can be imaged after intravenous injection of fluorescent molecules like fluorescently labeled dextrans or fluorescent red blood cells, or by using genetic mouse models. Extracellular matrix structures such as Type I collagen can be acquired by second harmonic generation microscopy (SHG). 32, [84] [85] [86] Type I collagen has a highly organized structure that absorbs the energy of two photons and reflects a single photon with double energy and half the wavelength. However, in experimental systems that are highly dynamic (e.g., fast migrating and proliferating tumors such as gliomas), these above defined landmarks are not stable enough for retracing imaging areas. To allow for long-term cell tracing in dynamically changing tissues, photoconvertable fluorophores such as Dendra2 or Kaede can be used (Fig. 6E) . The absorption and emission spectrum of these photoconvertable proteins shifts to longer wavelengths when it is illuminated with violet light. Single or groups of cells can be marked and traced over several days (Fig. 6E) . 29 Another approach is the use of multicolored cells using the RGB marking or Confetti system. [87] [88] [89] Using these systems the progeny of tumor cells can be traced over time because cells of the same lineage have a similar color. If enough colors are used, the variation in colors allows for retracing of the same position.
11 Autofluorescence-based photo-tattoos are exogenous landmarks which can also be used to relocate an imaged area at a later time point. However, because this technique causes a change in the local microenvironment, fixation prior or immediately after placing the tattoo is advisable. Thus, it is most useful to retrace intravitally imaged areas in cryosections. 59 For detailed advice on imaging implementation and troubleshooting consult Table 4 .
Future Developments
Imaging windows are a valuable tool to gain optical access to tissues of interest. However, the surgical insertion and the presence of the imaging window will always have at least some influence on the imaged tissues. Ideally, one would use highresolution intravital imaging techniques that provide direct optical access deep inside the animal without the requirement of an imaging window. Development of ultrasound based techniques that excite only those fluorophores within the focal plane, such as ultrasound-switchable fluorescence, may further advance non-invasive deep imaging while preserving high-resolution. 90, 91 However, the effectiveness of this method in vivo still needs to be determined.
To our knowledge, all labs that utilize imaging windows anesthetize their animals while imaging, despite the change in tissue physiology that the anesthetics may cause. Interestingly, microobjectives have been developed that can be directly coupled to miniature microscopes (two-photon and epifluorescence) which can be carried by freely moving mice allowing in theory continuous imaging for months. 92, 93 Although the resolution is currently one order lower than two-photon systems, 94 this may soon be overcome with new developments in micro-optics. 94 Despite the advances in the field of imaging windows, not all organs can be imaged or are difficult to image for prolonged periods of time. For example, the organs that reside in the thorax (e.g., heart and lung) have traditionally been very difficult to image in living animals because of their anatomical location behind the ribs and due to respiratory movements. Recently, several labs made technical progress in this area and are now able to intravitally image these organs for a few hours. For the heart, a thoracotomy was performed to expose the organ. After combining a motion stabilizer tool with an image acquisition algorithm, imaging could be performed up to several hours. 95 For the lung, repeated whole body imaging measurements were performed after opening the chest wall to expose the organ and regulating lung ventilation. 96 The disadvantage of this approach is that it has limited resolution and it lacks a system to reduce respiratory motion. In contrast, Looney and colleagues have imaged the lung at subcellular resolution using a stabilizer device based on vacuum to prevent respiratory motion artifacts. 35 They could image the lung with high accuracy for up to 3 h. Permanent imaging windows for these thoracic organs would allow for repeated measurements over days and would be of great interest to, for example tumor biologists, to study lung metastases. Some of the specialized and distinct regions that are present in the brain have been difficult to image at high-resolution as well because they are beyond the imaging depth of a multi-photon microscope (<1.6 mm). 97 Therefore, guide tubes implanted in the brain have been used that allow repetitive insertion of micro-optical probes to visualize the pyramidal neurons in the hippocampus and blood flow dynamics in deep brain gliomas. 98 However, this approach has several limitations, such as reduced imaging area (<1 mm) and resolution, alteration of brain architecture, and induction of glial response to the inserts. 98 The currently used windows can also be further improved. For example, surgery-induced fibrosis is a problem of window surgeries, especially in the abdomen. Seprafilm Adhesion Barrier is used in the clinic to prevent fibrosis-induced adhesion of organs and has also yielded promising results during skin flap surgeries, [99] [100] [101] but has so far not been used for imaging window surgeries. Other areas of improvement should focus on extending the imaging time, reducing the weight of the windows without compromising the field of view and reducing exudate accumulation behind the window.
In conclusion, imaging windows are helpful tools to study individual and groups of cells in tumorigenic and healthy tissues by intravital microscopy. In this manuscript, we have established a framework for how to implant the most widely used imaging windows for cancer research, and described how to use them for imaging purposes.
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